Within the scope of the conducted experiment the authors analysed the efficiency of runoff reduction by the system of extensive type green roofs. The observations were based on storm events in the area of Lower Silesia at the Agro and Hydrometeorology Station Wrocław-Swojec. The authors analysed the thickness of plant substrate, and also estimated the quality of runoff waters under the conditions of periodic atmospheric deposition. Also considered were such indicators as electrolytic conductivity, N, NO 3 − , NO 2 − , NH 4 + , P, PO 4 3− . The experiment included roof substrates designed in two variants, with known hydraulic and physical properties of the soil material. The analysis was performed for models with vegetation layer based on pumice and zelolite, covered with five plant species from the sedum family. The modelling of the hydraulic properties was conducted with variably saturated medium, using the Hydrus 1D software. The performance of systems with primary layer thickness of 11 cm and 9, 8, 7, 6 and 5 cm was estimated. The designed models reduced the average peak flows to 89%, and in addition they caused a delay in the initiation of the runoff which was dependent on the intensity and distribution of rainfalls in time, and on the initial moisture of the profiles. Simulations, performed for variable substrate thickness, permit the conclusion that in the case of thin-layer profiles (5 cm), the relative retention index was decidedly lower and amounted to 35.9% for the substrate with zeolite (originally 60.6%) and 41% for the substrate with pumice (originally 65.7%). In the case of total nitrogen and phosphates, statistical analysis revealed significant differences (p < 0.05) in relation to specific concentrations in the rainwater and in the control surface. The total nitrogen in the runoff from the green roof was nearly twice as high as that in the rainwater and amounted to, on average, 8.3 mg L −1 .
Introduction
The change of natural hydrological conditions due to the rapid urbanisation may have a strong impact on the amount and quality of outflows to systems. The fundamental problem in this case will be a multiple increase of runoff from impermeable surfaces compared to the biological surface, and hence the control of storm water runoff is of key importance for the limitation of the effect of urbanisation on water cycle in these conditions, and it will also be one of the adaptation strategies of cities to climate change [1] [2] [3] [4] [5] . Various practices are known, consisting in the management of the runoff of rain waters, including all forms of recreation of green areas, restoring to a varying degree the hydrological properties of areas [6] [7] [8] . The design of green roofs and the use of the unique abilities for e.g., reduction of runoff are of special importance in addressing the problems of progressing urbanisation, as their use is not restricted by the availability of space, and their construction on newly designed, and existing buildings may mean the utilisation of as much as 40% of non-permeable surfaces in urban areas [9] [10] [11] [12] [13] [14] .
Due to their buffering properties, green roof systems, compared to conventional roofs, allow significant attenuation and delay of peak flows, and depending on the hydraulic properties and the thickness of the vegetation layer, such delays may be 10 min and more [9] . Numerous studies have been devoted to the estimation of the effect of the individual components of the system, such as the vegetation layer, plant species or the drainage layer, on the effectiveness of green roofs in the reduction of total rainfall volume and flow intensity. The values obtained, at the level of 40-90% depending on layer depth, type of system or the moisture of the substrate, confirm the high effectiveness of systems of this type [11, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
The construction of green roofs of the extensive type, the design of which includes small thickness of the vegetation layer, on the one hand allows their use on existing buildings, the structure of which does not provide sufficient load carrying capacity, but on the other such roofs are characterised by a lower effectiveness in terms of their ability of water retention and reduction of flow rates. Studies conducted in Germany showed that the intensive and extensive systems reduced the runoff in a broad range, of 65-85% and 27-81% of the annual flow, respectively [26] . Those results find support in other studies, conducted by e.g., Berndtsson [9] , Wang et al. [23] , Speak et al. [27] . It should be emphasised that the degree of the reduction is varied and depends on the conditions occurring in a given experiment.
The effect of the depth of the substrate on the delay and reduction of rainwater outflow can be estimated on the basis of model solutions for the same soil and meteorological conditions. Currently, mathematic models are available that permit the estimation of the hydrological properties of green roof systems, taking into account the volume and reduction of runoff, such as the EPA (Environmental Protection Agency), Storm Management Model SWMM, SWMS-2D, Hydrus-1D. SWMM EPA with LID (Low Impact Development Systems) module can be used to simulate a hydrological response on a small scale as well as the municipal catchment. Modeling results confirm the role of LID solutions in restoring the critical components of the natural flow regime at the urban catchment scale-the peak flow reduction, the volume reduction and the delay [28] [29] [30] . Literature studies showed very promising results, such as that HYDRUS 1D allows modelling of the hydrolics of green roofs by assumption that water flow through the substrate profile is one dimensional (vertical). Furthermore, has also been used in studies investigating many other similar hydrological cases [16] . Considering progress of urbanisation, green roof systems allow managing not only the quantity but also the quality of the outflow, which may in many cases improve the quality indicators of runoff [31] . In this study, the authors analysed the efficiency of green roof systems based on experimental green roofs models. The experiment included roof substrates designed in two variants. The first was on based on pumice, the second one was based on zeolite. The main assumption of the work was to calibrate the model of the Hydrus 1D for the experimental solutions adopted. The calibrated model revealed the effectiveness of the models-outflow and range of reduction the peak of runoff rate at the assumed thickness of the substrate layers 11, 9, 8, 7, 6, 5 cm.
Material and Methods

Experimental Model
The experiment included two models of green roofs of the extensive type, with different composition of the substrate layer. The functionality of the applied solutions was tested on experimental green roofs, under the local climate conditions of the city of Wrocław (51 • 11' N, 17 • 14' E), Poland, Europe. The designed models, based on a metal structure with dimensions of 1000 × 2000 mm, were situated at a height of 1 m above ground level and the roof slope was 3 • . At the same height, and in the immediate vicinity of the models, an automatic pluviometer and a laser disdrometer (Laser Precipitation Monitor, model 5.4110.10.xxx, Thies Clima, Adolf Thies GmbH, Göttingen, Germany) were also installed.
The experimental green roof model (Figure 1) , with total thickness of the layers amounting to 12 cm, was composed of a vegetation layer and a geotextile layer preventing the migration of soil particles into the receiver. Its structure included also a drainage layer of gravel of 1 cm fraction and an absorptive-protective geotextile layer (Optigreen Separation Protection and Storage Fleece, model RMS 300, synthetic fibre-produced by Optigrün International AG, material PP/PES/regenerated acrylic fibers, Krauchenwies-Göggingen, Germany). The protection mat was able to retain 2 L m −2 water. In both cases the thickness of the drainage layer was 2 cm. The substrate material was prepared on the basis of horticultural soil (65% v/v) with pH 6.5-7, fraction of fine and medium sand (15% v/v), zeolite of fraction of 3-5 mm (20% v/v). The second model, based on pumice contains 68% v/v horticultural soil, fraction fine and medium sand (20% v/v) and pumice fraction 3-6 mm (12% v/v). To ensure thermal insulation of the profiles, in the lower horizontal plane of the structure, a layer of polystyrene foam was installed, with 5 cm thickness (extruded polystyrene XPS, Austrotherm Uniplatte model, Austrotherm GmbH, Oswiecim, Poland). It should be emphasised that, depending on the region and available components, it can be modified within a rather broad range. The vegetation layer should be characterised by parameters related with an improvement of the retention properties, but also of the hydrological function of the system and stability of the layer layout, preventing scaling. amounting to 12 cm, was composed of a vegetation layer and a geotextile layer preventing the migration of soil particles into the receiver. Its structure included also a drainage layer of gravel of 1 cm fraction and an absorptive-protective geotextile layer (Optigreen Separation Protection and Storage Fleece, model RMS 300, synthetic fibre-produced by Optigrün International AG, material PP/PES/regenerated acrylic fibers, Krauchenwies-Göggingen, Germany). The protection mat was able to retain 2 L m −2 water. In both cases the thickness of the drainage layer was 2 cm. The substrate material was prepared on the basis of horticultural soil (65% v/v) with pH 6.5-7, fraction of fine and medium sand (15% v/v), zeolite of fraction of 3-5 mm (20% v/v). The second model, based on pumice contains 68% v/v horticultural soil, fraction fine and medium sand (20% v/v) and pumice fraction 3-6 mm (12% v/v). To ensure thermal insulation of the profiles, in the lower horizontal plane of the structure, a layer of polystyrene foam was installed, with 5 cm thickness (extruded polystyrene XPS, Austrotherm Uniplatte model, Austrotherm GmbH, Oswiecim, Poland). It should be emphasised that, depending on the region and available components, it can be modified within a rather broad range. The vegetation layer should be characterised by parameters related with an improvement of the retention properties, but also of the hydrological function of the system and stability of the layer layout, preventing scaling. Basic physical and water properties of experimental surfaces are included in Table 1 . The retention properties of the substrates, based on zeolite and pumice, were determined on the basis of characterisation of water retention. Measurements of soil water retention in the range from pF 0 to pF 2.0 were made in the laboratory (pF = log |ℎ |), using a system equipped with a multi-channel gauge type TDR/mux (Institute of Agrophysics PAS, Lublin) and a probe for the measurement of pressure and moisture. In the range above pF 2.0, by means of the membrane apparatus Eikelkamp. Basic physical and water properties of experimental surfaces are included in Table 1 . The retention properties of the substrates, based on zeolite and pumice, were determined on the basis of characterisation of water retention. Measurements of soil water retention in the range from pF 0 to pF 2.0 were made in the laboratory (pF = log|h s |), using a system equipped with a multi-channel gauge type TDR/mux (Institute of Agrophysics PAS, Lublin) and a probe for the measurement of pressure and moisture. In the range above pF 2.0, by means of the membrane apparatus Eikelkamp. The retention of the experimental areas was determined by means of retention (RPI) and index in relation to precipitation (RPI ratio ). In Equations (1) and (2), runoff GR is determined-runoff from the experimental area and P-atmospheric precipitation.
The vegetation layer was sown with species of Sedum, from the family Crassulaceae: Sedum spurium 'Fuldaglut', Sedum sexangulare, Sedum telephium, Sedum floriferum 'Weihenstephaner Gold'. The choice of the plant species resulted from the thickness of layers of the extensive-type model and the type of care, in particular maintenance-free roof. In addition, in periods of long-lasting atmospheric drought, plants from the species Sedum usually do not require additional treatments such as irrigation [32] .
Data Collection-Runoff and Water Quality
The period of the experiment started on 1 April and ended on 31 October 2017; in this time all rainfall events were recorded. Throughout the cycle, the humidity and the runoff from the discussed areas were measured in real time. The humidity measurement was performed with a multi-channel TDR/mux meter which allowed data acquisition with an interval of 30 s. The accuracy of water content measurement in the sensor substrate was ±0.02 cm 3 ·cm −3 and ±0.03 cm 3 ·cm −3 . Measurements of runoff volume were made using a system based on a tipping trough and Hobo UX120 pulse loggers (Hobo UX120-006M Analog Data Logger model, Onset Computer Corporation, Bourne, MA, USA). One measurement impulse in the case of two experimental green roofs corresponded to a runoff to 0.01 mm·min −1 . The installed laser precipitation enabled continuous rainfall measurements with a minimum intensity of 0.005 mm·h −1 and a minimum particle size of 0.16 mm (Laser Precipitation Monitor, model 5.4110.10.xxx, Thies Clima, Adolf Thies GmbH, Göttingen, Germany). In this case, the LNM View software was used to collect data. The paper presents data related to events where the total precipitation was higher than 10 mm.
In the analysis of the concentration indicators the following methodology was adopted: Nitrate nitrogen, nitrite nitrogen, and ammonium nitrogen were assayed with a spectrophotometric method (PN-82C-04576-4, PN-EN 26777:1999, PN-ISO 7150:2002), and phosphates T-P and PO 4 3− with the molybdate method with tin chloride (PN-EN 1189-2000). The data concerning water quality were based on an analysis of rainfall events for the analysed objects. It is a frequently encountered assumption to indicate an improvement of the quality of waters discharged from green roofs due to the retention of rain waters with the participation of plants, and thus reducing the outflow, and in consequence a reduction of the load of potential contaminants accumulated via the wet and dry atmospheric deposition. For selected rainfall events 6 independent attempts were taken. Samples of the runoff were collected from the experimental surfaces and the control surface, as well as from the precipitation. Data were compared with t-tests. Statistical t-tests were carried out for independent samples, comparing quality indicators in runoff coming from green areas, and also in rainwater and the control surface. Two hypotheses were put forward, null hypothesis H 0 : That average values of quality indicators in waters from green areas were the same as in rainwater or control area. The second hypothesis was H 1 :
The average values of quality indicators from waters from runoff vary between the green area and the rainwater or the control surface. The significance level of 5% was assumed. The conclusion about equality of averages was preceded by Lavene's tests about homogeneity of variance.
Modelling of the Runoff
Simulation of the processes of water movement in the profiles of the green roof was conducted using the software Hydrus 1D, based on the Richards equation, both in the saturated and unsaturated zone, in mono-dimensional Equation (3). Hydrus 1D allows simplified simulation assuming one-dimensional flow direction. Its use can be considered acceptable in the case of thin-layer green roof profiles. The van Genuchten-Mualem model with homogeneous pore size distribution was adopted, with the assumption of conceptualisation of the physical profile of flow as a single region. The hysteresis effect was ignored, because in this case the variant without hysteresis gives the expected results [33] .
where: θ means volumetric water content [L 3 ·L −3 ], K is unsaturated hydraulic conductivity [L·T −1 ] and S is unit uptake of water by the plants [L 3 ·L −3 ·T −1 ]. In addition, it was assumed that the gaseous phase plays a negligible role in the flow of fluid, and the effect of temperature gradients on the flow in a porous medium was also neglected. The analytical description of the retention capacity and hydraulic properties of the soil was made with the use of the van Genuchten-Mualem Equation (4), in the following form [34, 35] . The modelled vertical profiles are discretised using 100 elements, taking into account the unsaturated function of hydraulic conductivity (6) . The boundary conditions at the boundary of the soil and the atmosphere can change from an unsaturated value to full soil saturation, and depend on hydrological processes (infiltration and evapotranspiration, and atmospheric precipitation, and in consequence) on the moisture and the soil substrate (7). Evapotranspiration was included because in some cases the simulation was started before rainfall, with initial humidity.
In the model, the evapotranspiration was calculated by means of the Penman-Monteith formula (recommended by FAO).
where is the matrix suction of the soil [L], while on the lower boundary the boundary conditions change from the state of zero flux for unsaturated soil conditions to the state of zero pressure for saturated soil conditions and in consequence free outflow is realized (8) .
Solving Equations (4) and (6) requires the determination of the parameters θ r , θ s , α, n, that depend primarily on the kind of substrate. In this case the values of the parameters were determined in laboratory conditions (K s , θ s ), or adopted and calculated (θ r , α, n) [34] . K s was measured in several replicates in laboratory conditions. Parameters used in the model are given in Table 2 . The common set of parameters, α, n, K s ensures acceptable performance for all identified events. The experimental model of green roof was calibrated and validated by comparison the predicted and measured runoff. The model was calibrated for 28 July 2017 data. Initially substrates were tested to determine the moisture content, which was very important to obtain the correct stability of the model. The initial water content before the occurrence of subsequent events was determined by means of humidity sensors and TDR technique (time domain reflectometry-details are included in Methods part of this section), with a measurement interval of 30 s. In each analysed case, the vegetation cover factor of the experimental models was included. The model's performance was evaluated statistically based on Nash and Sutcliffe (NSE) performance and also mean error (ME). Calculated Nash-Sutcliffe performance could be from −∞ to 1. NSE = 1 corresponds to a perfect match, when NSE = 0 model predictions was as accurate as the average observed. Mean error (ME) was applied to define the maximum differences between the observed and calculated values. Using the described and validated model, runoff simulations were conducted, with varying depth of the substrate layers thicknesses of 9, 8, 7, 6 and 5 cm.
Results and Discussion
For the analysis of properties of the green roof systems, 17 rainfall events from 2017 were selected, with amounts greater than 10 mm and intensity varying from 0.12 to 5.7 mm·min −1 . In relation to the conducted study, the analysis revealed that in both cases the discharge was initiated every time, but the delay period and the retention of runoff in the profiles depended significantly on the initial moisture of the vegetation layer and on the rainfall intensity. For example, for a total rainfall of 11 mm and with intensity not exceeding 0.19 mm·min −1 the green roofs designed on the base of zeolite and pumice retained 81 and 89.6%, respectively, while a similar event but with a considerable intensity, attaining up to 4.97 mm·min −1 but short-lasting (46 min), in the amount of 31 mm, caused runoff retention at the level of 74.6 and 89.7%, respectively. In the remaining period, the initial substrate moisture at the level of 36% and above and an event with intensity of 1.55 mm·min −1 caused a reduction of the retention performance indicator relative to rainfall to 32.8% (Table 3 ). In every case the models reduced the mean peak discharge performance indicator values to even 89%. Apart from the relatively significant runoff retention, the analysed surfaces delayed the start of discharge. Detailed analysis of the event of the 28 July 2017, showed that discharge was initiated in the 144th and 142nd minute, respectively. Such a considerable delay was caused by a mean rainfall intensity at the level of 0.02 mm·min −1 during the initial 120 min (Figure 2) .
Taking into account the necessary parameters allowing (e.g., the calculation of evapotranspiration and actual precipitation), and the values characterising the hydraulic properties of the soil substrates, the program Hydrus 1D was used for the simulation of runoff intensity and moisture for all analysed events. For example, on the basis of the simulation of runoff intensity for the event of the 28 July 2017 (Figure 3) , a fairly good fit of the data from observations to the modelled data was obtained. Taking into account the necessary parameters allowing (e.g., the calculation of evapotranspiration and actual precipitation), and the values characterising the hydraulic properties of the soil substrates, the program Hydrus 1D was used for the simulation of runoff intensity and moisture for all analysed events. For example, on the basis of the simulation of runoff intensity for the event of the 28 July 2017 (Figure 3) , a fairly good fit of the data from observations to the modelled data was obtained. For the event of the 28th of July used to calibrate the model, the maximum error (ME) was 0.18 mm·min −1 (GR1) and 0.07 (GR2), while the calculated statistics describing the relative value of residual variance, the Nash-Sutcliffe efficiency (NSE), assumed values at the level from 0.93 (GR1) to 0.58 (GR2). A simulation can be accepted as satisfactory when NSE > 0.5 (higher model accuracy for NSE values close to 1) [36] . The calculated NSE and ME values for validation are presented in the For the event of the 28th of July used to calibrate the model, the maximum error (ME) was 0.18 mm·min −1 (GR1) and 0.07 (GR2), while the calculated statistics describing the relative value of residual variance, the Nash-Sutcliffe efficiency (NSE), assumed values at the level from 0.93 (GR1) to 0.58 (GR2). A simulation can be accepted as satisfactory when NSE > 0.5 (higher model accuracy for NSE values close to 1) [36] . The calculated NSE and ME values for validation are presented in the Table 4 . During the validation, the models designed as zeolite and pumice-based displayed good representation of flow volume and intensity, accurately simulating events observed in other periods. It can, therefore, be concluded that in both cases the level of matching achieved was close to good [37] . Table 4 . Nash-Sutcliffe efficiency (NSE) index and maximum error (ME) of the total runoff volume for the observed rainfall events used for the validation. The program has a slight tendency to overestimate the values of simulated runoff, and we can suppose that this is related with the simulation being based on hydraulic parameters of unnatural formations, substrates that are a mixture of the basic component-horticultural soil, and additives with an effect on the retention characteristics. However, in the case of the experiment presented here that overestimation mentioned above was small. In the case of analysis of events monitored in the same hydrological conditions with runoff intensity above 1 mm·min -1 the simulation results obtained indicated good fit to measured data.
Event
The results of the validation procedure for all rainfall events using calculated NSE and ME confirm the suitability of the model for runoff simulation. Using the described and validated model, runoff simulations were conducted for the same hydraulic conditions, but with varying depths of the substrate layers. For the modelled surfaces GR1 and GR2 the observed and modelled cumulative runoff on 28 July 2017 was obtained at levels of 5.5 mm and 5.1 mm (GR1), and 4.4 mm and 4.5 mm (GR2), respectively. In the case of simulations for layers with thickness of 9, 7 and 5 cm, the value of the runoff was higher by respectively 17%, 34%, and 42%, compared to the experimental model with a layer of 11 cm (Figures 4 and 5) runoff simulations were conducted for the same hydraulic conditions, but with varying depths of the substrate layers. For the modelled surfaces GR1 and GR2 the observed and modelled cumulative runoff on 28 July 2017 was obtained at levels of 5.5 mm and 5.1 mm (GR1), and 4.4 mm and 4.5 mm (GR2), respectively. In the case of simulations for layers with thickness of 9, 7 and 5 cm, the value of the runoff was higher by respectively 17%, 34%, and 42%, compared to the experimental model with a layer of 11 cm (Figures 4 and 5 ) At the same time, the analysis showed that the range of reduction of the peak of runoff intensity in the case of the modelled layers (9, 7 and 5 cm) was the smallest for the 5 cm layer for the surface with zeolite (GR1), amounting to 0.83 mm·min −1 and for that with pumice (GR2)-to 0.67 mm·min −1 , the reference flow being 1.18 mm·min −1 . In this case, the relative retention performance indicator to atmospheric precipitation (RPIratio) calculated from Equation (2) for the analysed surfaces was initially 60.6 and 65.7%, and the RPI retention effectiveness was 8.0 and 8.7 mm (1), while for the reduced layers of the systems with zeolite and pumice-359 and 41%, and 4.7 and 5.4 mm (RPI).
On the basis of the literature of the subject one can state that the retention capacity of systems increases with increase of the thickness of substrate layers. A study by Liesecke demonstrated that with substrate thickness of 4 cm a green roof retained up to 45% of the annual runoff, while with substrate thickness increase to 10-15 cm a relatively small increase of retention took place, up to about 60% [38] . Scholz demonstrated that with a 6 cm substrate layer is it possible to retain 50% of rainwater, At the same time, the analysis showed that the range of reduction of the peak of runoff intensity in the case of the modelled layers (9, 7 and 5 cm) was the smallest for the 5 cm layer for the surface with zeolite (GR1), amounting to 0.83 mm·min −1 and for that with pumice (GR2)-to 0.67 mm·min −1 , the reference flow being 1.18 mm·min −1 . In this case, the relative retention performance indicator to atmospheric precipitation (RPI ratio ) calculated from Equation (2) for the analysed surfaces was initially 60.6 and 65.7%, and the RPI retention effectiveness was 8.0 and 8.7 mm (1), while for the reduced layers of the systems with zeolite and pumice-359 and 41%, and 4.7 and 5.4 mm (RPI).
On the basis of the literature of the subject one can state that the retention capacity of systems increases with increase of the thickness of substrate layers. A study by Liesecke demonstrated that with substrate thickness of 4 cm a green roof retained up to 45% of the annual runoff, while with substrate thickness increase to 10-15 cm a relatively small increase of retention took place, up to about 60% [38] . Scholz demonstrated that with a 6 cm substrate layer is it possible to retain 50% of rainwater, and with 11 cm nearly 92% [39] . Whereas, Fassman and Voyde, on the basis of measurements in profiles of 50 and 70 mm, did not find any significant differences in the retention of precipitation waters [22, 40] . Other studies, that considered not only the thickness of substrates, but also the physical properties of the substrates, showed a significant effect of the latter on increasing the capacity for water retention [16, 27] . Generally, with increase of substrate thickness there was an increase in the retention capacity of profiles [17, 41] . Additionally, statistical analysis for the designed models revealed that in both cases we are dealing with an asymmetrical distribution of runoffs, and for each of them the small thicknesses of the substrate generated extreme intensity runoff, beyond the range of mean values. They are therefore characterised by a larger spread of data. For example, on 28 July 2017, for the 5 cm thickness of zeolite based substrate, the maximum modelled values of runoff intensity were 0.83 mm min −1 , and for an experimental roof with a thickness of 11 cm only 0.13 mm min −1 . Respectfully, for the pumice based surface 0.67 and 0.13 mm, min −1 . In both cases, for the minimum substrate thickness, six extreme values were observed, calculated as the sum of the third quartile, and the product of the quartile range and the number 3, were observed. For each observed event, similar results were obtained using the model (Figure 6) .
Initially, the hypothesis that the green roofs improve the quality of rain water was posed. In the samples from the green roof surfaces a significant increase was noted in the level of concentration of nutrients, and of total nitrogen in particular. The data pertaining to water quality were compared with the use of the t-tests. The significance level of 5% was assumed. The tests were carried out assuming a null hypothesis H 0 : Average values of quality indicators in waters from green areas were the same as in rainwater or control area, and the second one H 1 : That the average values of quality indicators from waters from runoff differ between the green roof and the rainwater or the control surface. While the concentration of total nitrogen in the runoff from the green roof was higher than the values of concentrations in atmospheric precipitation and amounted to, on average, 8.3 mg·L −1 , statistically significant differences (p < 0.05) were observed at the same time, relative to the concentrations in the rain water and in the runoff from the control surface. The composition of the prepared substrate could have had a direct effect on the higher values of that indicator. In the case of other forms of nitrogen-NO 3 − and NO 2 − -in the first case no statistically significant differences (p < 0.05) were noted for the analysed GR models relative to the loads in rain water and in the runoff from the control surface. NO 2 − concentrations were recorded in trace amounts. The content of total nitrogen was the lowest in the rain water (minimum of 2.92 mg·L −1 ). In the case of the concentration of PO 4 3− statistically significant differences at the expected level (p < 0.5) were noted in relation to the control surface and to rain waters ( Figure 7 ). It should be emphasised that phosphorus compounds in an environment that is already slightly alkaline can be bound by calcium (Ca) and sometimes by manganese (Mn), and additionally by the sorptive complex of the soil, which in that last case is dependent on the reaction (pH) of the substrate, its moisture and temperature, and also on oxygen content. This indicates the degree of binding of phosphates and a notable variation of the discharge concentrations during the vegetation season and the winter period. Therefore, atmospheric precipitations will be one of the main causes of improved solubility of phosphorus and increased concentrations.
In the opinion of the authors, the release of total nitrogen and phosphates from the surface of green roofs can be related to additional fertilisation, as the application of conventional fertilisers contributes to increased concentration of various forms of nitrogen and phosphorus in the runoff waters. Therefore, care should be taken to use fertilisers with controlled rate of nutrient release [42] . In an experiment conducted within the scope of a study on the chemistry of rain waters, MacAvoy [4] demonstrated, for 9 rainfall events, the occurrence of higher concentrations of NO 3 − and NH 4 + in relation to the control surface, and during the entire cycle of 16-month study the level of nitrates was reduced to 32%. A study conducted by Harper [43] demonstrated a significant load of phosphates and nitrates in the initial period of operation, followed by, in a 9-month cycle, a decrease in the content of phosphates by 5 mg·L −1 and nitrates by 10 mg·L −1 . In the case of organic carbon, Carpenter and Kuoppamaiki observed a significant decrease, from 500 to 50 mg·L −1 [1, 44] . Initially, the hypothesis that the green roofs improve the quality of rain water was posed. In the samples from the green roof surfaces a significant increase was noted in the level of concentration of nutrients, and of total nitrogen in particular. The data pertaining to water quality were compared with the use of the t-tests. The significance level of 5% was assumed. The tests were carried out assuming a null hypothesis H0: Average values of quality indicators in waters from green areas were the same as in rainwater or control area, and the second one H1: That the average values of quality indicators from waters from runoff differ between the green roof and the rainwater or the control surface. While the concentration of total nitrogen in the runoff from the green roof was higher than the values of concentrations in atmospheric precipitation and amounted to, on average, 8. 0.05) were noted for the analysed GR models relative to the loads in rain water and in the runoff from the control surface. NO2 − concentrations were recorded in trace amounts. The content of total nitrogen was the lowest in the rain water (minimum of 2.92 mg·L −1 ). In the case of the concentration of PO4 3− statistically significant differences at the expected level (p < 0.5) were noted in relation to the control surface and to rain waters ( Figure 7 ). It should be emphasised that phosphorus compounds in an environment that is already slightly alkaline can be bound by calcium (Ca) and sometimes by manganese (Mn), and additionally by the sorptive complex of the soil, which in that last case is dependent on the reaction (pH) of the substrate, its moisture and temperature, and also on oxygen content. This indicates the degree of binding of phosphates and a notable variation of the discharge concentrations during the vegetation season and the winter period. Therefore, atmospheric precipitations will be one of the main causes of improved solubility of phosphorus and increased concentrations. 
Conclusions
The hydrological properties of the experimental green roof surfaces, in the conditions of Lower Silesia, city of Wrocław, were analysed on the basis of rainfall events that took place in the summer months of 2017. In the study the authors applied the numerical model of water flow in porous media, Hydrus 1D, that allowed the analysis of the hydrological parameters of the system. The adopted and calculated initial hydraulic conditions, runoff and discharge intensity, and the conditions of flow within the system simulated by the numerical model, conform to the experimental data. Using the model based on the Richards equation, flow-related parameters were identified, that are usually determined empirically on the basis of field experiments, including those that determine the flow regime-intensity and runoff, and the amount of atmospheric precipitation, its duration and intensity, processes related with evapotranspiration in the presence of plants and characteristics of the substrate, and the hydraulic conductivity and initial moisture of the substrate. The level of prediction accuracy determined on the basis of the model by means of the Nash-Sutcliffe statistics is high, but it should be emphasised that, as the analysis has shown, determined by the hydraulic and retention properties of the substrate.
In the case of the systems analysed in the aspect of estimation of benefits for the environment and ecological solutions, efficiency characterised by runoff retention effectiveness at levels of up to 65.7% is satisfactory. Due to the number of runoffs analysed, the proper level of efficiency of the systems can be determined on the basis of longer period of observation.
1. The designed models of green roofs based on zeolite and pumice reduced the mean peak discharge from 10.5% to 90%, and in addition caused a significant delay of the initiation of the discharge that depended on the intensity of rainfalls and their distribution in time.
2. Runoff simulation by means of Hydrus 1D allows to confirm definitely the applicability of the model used in the experiment. The calculated Nash-Sutcliffe statistics for flow rates at the level of between 0.43 and 0.88 support the good representation of simulated and measured values for all analyses events.
3. The simulations of cumulative amounts and intensity of runoff for varying thicknesses of substrate layers permit the conclusion that, due to reduction of layer thickness to 50 mm the values of the retention index RPI for the analysed surfaces, were lower and amounted to 35.9% (initial value 60.6-zeolite) and 41% (initial value 65.7-pumice).
4. In the case of total nitrogen and phosphates, statistical analysis revealed significant differences (p < 0.05) (RPI for analysed surface GR1 and GR2), in relation to their determined concentrations in rain waters and in the runoff from the control surface. In particular, total nitrogen in the runoff from the green roof was nearly twice as high as that in the rain water, and amounted to, on average, 8.3 mg·L −1 .
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